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Background
The combination of ataxia and hypogonadism was first described more than a century ago, but its genetic basis has remained elusive.
Methods
We performed whole-exome sequencing in a patient with ataxia and hypogonadotropic hypogonadism, followed by targeted sequencing of candidate genes in similarly affected patients. Neurologic and reproductive endocrine phenotypes were characterized in detail. The effects of sequence variants and the presence of an epistatic interaction were tested in a zebrafish model.
Results
Digenic homozygous mutations in RNF216 and OTUD4, which encode a ubiquitin E3 ligase and a deubiquitinase, respectively, were found in three affected siblings in a consanguineous family. Additional screening identified compound heterozygous truncating mutations in RNF216 in an unrelated patient and single heterozygous deleterious mutations in four other patients. Knockdown of rnf216 or otud4 in zebrafish embryos induced defects in the eye, optic tectum, and cerebellum; combinatorial suppression of both genes exacerbated these phenotypes, which were rescued by nonmutant, but not mutant, human RNF216 or OTUD4 messenger RNA. All patients had progressive ataxia and dementia. Neuronal loss was observed in cerebellar pathways and the hippocampus; surviving hippocampal neurons contained ubiquitin-immunoreactive intranuclear inclusions. Defects were detected at the hypothalamic and pituitary levels of the reproductive endocrine axis.
I n recent years, we have seen great advances in the elucidation of genetic causes of cerebellar ataxia, with newly identified genes regulating a wide spectrum of cellular functions, including intracellular signaling, tau regulation, and mitochondrial function. 1 However, a genetic defect cannot be found in approximately 40% of patients with ataxia, 1 including those in whom ataxia is associated with reproductive endocrine failure, a syndrome first reported by Gordon Holmes in 1908. 2 Most patients with this syndrome have a hypogonadotropic condition, with defective secretion of gonadotropins by the pituitary gland. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Strikingly, genes associated with ataxia have little functional overlap with genes associated with hypogonadotropic hypogonadism, which encode proteins involved in the biologic function of the neurons that secrete gonadotropinreleasing hormone (GnRH). 13 A decade ago, we described a consanguineous family with a syndrome of cerebellar ataxia, dementia, and hypogonadotropic hypogonadism. 12 Here we report the results of whole-exome and targeted sequencing performed to identify mutations that underlie the syndrome in this kindred and in unrelated patients.
ME THODS
Study Patients
Our study included 12 patients with ataxia and hypogonadotropic hypogonadism from eight families. The pedigrees of the index family and four of the other seven families are shown in Figure 1 . The patients were referred to the Massachusetts General Hospital for clinical or genetic evaluation between 2000 and 2010. The study was approved by the hospital's human research committee, and written informed consent for all participants was provided by the participant or an authorized representative.
Genetic Analysis
We performed exome sequencing with DNA from Patient 3 in the index family. The data sets used for exome analysis in this study were obtained from dbGaP at www.ncbi.nlm.nih.gov/gap through dbGaP accession number phs000475. v1.p1. Candidate genes were sequenced in family members and in unrelated affected persons. Computer algorithms were used to predict the pathogenicity of variants and to identify interactions between candidate genes and genes known to be associated with ataxia or hypogonadotropic hypogonadism. Allele-specific reverse-transcriptase-polymerase-chain-reaction (RT-PCR) assays were performed with RNA from Patients 5, 6, and 7 (see the Methods section in the Supplementary Appendix, available with the full text of this article at NEJM.org).
Neuropathological and Endocrine Evaluation
The brain of Patient 2 was obtained within 6 hours after death. Immunohistochemical analysis was performed with the use of antibodies against ubiquitin, tau, and α-synuclein. Electron microscopy was performed according to standard procedures. Detailed reproductive endocrine phenotyping was performed in 5 patients, as described in our previous report 12 and in the Methods section in the Supplementary Appendix.
Zebrafish Investigations
Morpholino oligonucleotides (MO) for the silencing of zebrafish rnf216 and otud4 were injected either alone or with nonmutant or mutant human messenger RNA (mRNA) encoding RNF216, mRNA encoding OTUD4, or both (see the Methods section in the Supplementary Appendix).
R E SULT S
Genetic Studies
The consanguineous pedigree of the index family (a self-reported Palestinian family) includes three siblings (Patients 1, 2, and 3) with ataxia and hypogonadotropic hypogonadism. Exome sequencing performed with DNA from Patient 3 identified 13 homozygous variants that were rare and predicted to be deleterious (Table S1 in the Supplementary Appendix), 2 of which were also homozygous in the two other affected siblings: RNF216 (NM_207111.3) c.2251C→T, p.R751C and OTUD4 (NM_001102653.1) c.998G→T, p.G333V; these variants were not identified or were heterozygous in the unaffected family members (Fig. 1) . RNF216 encodes an E3 ubiquitin-protein ligase. The R751 residue of RNF216 resides within the second of two domains called "really interesting new gene" (RING) finger domains and is conserved across vertebrates (Fig. S1 in the Supplementary Appendix). The R751C variant is predicted to be deleterious by four prediction None of these RNF216 variants were present in the ESP, which did identify five other variants considered to be overtly deleterious and nine considered likely to be deleterious. Given this background level of genetic variation, the presence of deleterious mutations in five of eight probands in this study exceeded what would be expected by chance (P<1×10 −13 by Fisher's exact test). Grail, 14 DAPPLE, 15 Endeavour, 16 InWeb scored network, 17 and CNVconnect 18 were used to identify potential connections among RNF216, OTUD4, and genes known to be associated with ataxia or hypogonadotropic hypogonadism; no such connections were found. Allele-specific RT-PCR assays failed to identify occult mutations affecting transcription or mRNA stability in the nonmutant alleles of Patients 5, 6, and 7 ( Fig. S2 in the Supplementary Appendix).
Functional Testing
Zebrafish were used to interrogate the functional consequences and suggestive epistatic interactions of the RNF216 and OTUD4 mutations. 19, 20 The injection of a MO that disrupted the splicing of zebrafish rnf216 (Fig. S3 in the Supplementary Appendix) caused a reduction in the size of the eye cup and optic tecta and disorganization of the cerebellum, as well as a slight reduction in overall head size ( Fig. 2 and 3 , and Fig. S4 in the Supplementary Appendix). The tectal phenotype was rescued by the coinjection of human RNF216 mRNA, but the injection of human RNF216 mRNA encoding R751C failed to rescue the phenotype ( Fig. 2) , suggesting that the mutation affects the function of the encoded protein. The injection of a splice-blocking MO against zebrafish otud4 (Fig. S3 in the Supplementary Appendix) also induced a reduction in size of the optic tecta and cerebellum (Fig. 3) .
Coinjection of both rnf216 and otud4 MOs induced a significant reduction in the size of the optic tecta as compared with the injection of the rnf216 MO alone (P<0.001) (Fig. 3) . Double-MO injection also caused marked disorganization of the cerebellum in more than 60% of embryos ( Fig. 3 ) and the development of a severe cerebellar phenotype with complete loss of structural integrity in approximately 30% of embryos, as compared with only 5 to 10% of embryos injected with either the rnf216 or the otud4 MO alone (data not shown). Furthermore, double-MO injection resulted in marked microphthalmia as compared with modest micro phthalmia when either MO injection was used alone (Fig. S4 in the Supplementary Appendix). These phenotypes were specific, since coinjection of nonmutant human RNF216 or OTUD4 mRNA rescued all phenotypes ( tions between these mutations contribute to the disease phenotype in the index pedigree.
Clinical Characteristics of the Study Patients
Patients 1 through 8, who carried variants in RNF216, had similar clinical histories (Table 1) . They presented in adolescence or early adulthood with hypogonadotropic hypogonadism but no other pituitary abnormalities. Dysarthria was the initial neurologic symptom in some patients, but ataxia developed in all patients, leading to wheelchair dependency and to bed confinement for some patients. Dementia was also prominent, with personality changes and memory loss occurring at the onset of the disease and mutism and uncoordinated, purposeless movements during the end stages. Nystagmus was absent. The presentation of Patients 9 through 12, who did not have variants in RNF216, was quite different from that of Patients 1 through 8 ( Table 1) . Extensive evaluation did not reveal any known causes of ataxia in any of the patients; mitochondrial abnormalities were identified in Patients 7 and 8 (Table S2 in the Supplementary Appendix).
Neuroimaging performed in Patients 1 through 8 revealed striking similarities, with cerebellar and cortical atrophy but no abnormalities of the pituitary gland. The subcortical white matter contained patchy areas of hyperintensity on T 2 -weighted imaging and fluid-attenuated inversion recovery (FLAIR) imaging (Table 1 and Fig.  4) . In Patient 7, these areas of hyperintensity were present approximately 9 years before the onset of neurologic symptoms; the cerebellum appeared normal at that earlier point in time.
Neuropathological Studies
The formalin-fixed brain of Patient 2 weighed 940 g (normal weight, 1300 g). The cerebellum and inferior olives were atrophic. Histopathological analysis revealed gliosis and virtually complete loss of inferior olivary neurons, cerebellar Purkinje's cells, and neurons in hippocampal regions CA3 and CA4, whereas neurons were well preserved in regions CA1 and CA2. Ubiquitinimmunoreactive nuclear inclusions were present in 1 to 5% of the pyramidal neurons in hippocampal regions CA1 and CA2 (Fig. 4) and were also found in granule-cell neurons in the dentate gyrus; these inclusions were not immunoreactive to antibodies against tau or α-synuclein (not shown). On electron microscopy, the intranuclear inclusions appeared as aggregates of fine filaments and granular material (Fig. 4) .
Reproductive Endocrine Studies
When Patient 6 reached 32 years of age, 1 year after the development of neurologic symptoms, low-amplitude pulses of luteinizing hormone were detected, indicating that GnRH secretion, although present, was diminished (Fig. 5) . The administration of pulsatile GnRH for 7 days induced robust increases in levels of gonadotropins and estradiol (Fig. 5) as well as the growth of a dominant ovarian follicle, observed on ultrasonography (not shown). Although the secretion of luteinizing hormone increased in response to the administration of GnRH, the typical peaked pattern of luteinizing hormone pulses 21 was not seen, which suggested a degree of pituitary dysfunction. Indeed, the patient's pituitary responsiveness waned over time, with a diminished response to GnRH on day 1 of treatment 15 months after the initial endocrine study (Fig. 5) .
In Patient 8, in whom endocrine function was initially assessed before the onset of neurologic symptoms, there was an absence of endogenous pulsatile luteinizing hormone secretion (Fig. 5) . After escalating doses of exogenous GnRH (from 25 ng per kilogram of body weight to 600 ng per kilogram every 2 hours), the patient's testicular volume increased from 2 ml to 8 ml but did not increase further, despite these very high doses. Although his pituitary response to exogenous treatment with GnRH was impaired (Fig. 5) , direct gonadal stimulation with human chorionic gonadotropin normalized the testosterone level, at 459 ng per deciliter (15.9 nmol per liter). Pituitary responsiveness to GnRH was lost in patients late in the course of their disease. In Patients 1 and 2, who were bedridden when pituitary responsiveness was assessed, there was no detectable luteinizing hormone secretion and no measurable change in the gonadotropin level in response to the administration of pulsatile exogenous GnRH (Fig. 5) . 12 
DISCUSSION
The underpinnings for the association of ataxia with hypogonadotropic hypogonadism have eluded investigators for more than a century. This report shows that ataxia with hypogonadotropic hypogonadism can be caused by mutations in RNF216 either singly or in combination with mutations in OTUD4. Both RNF216 and OTUD4 encode proteins that regulate ubiquitination, indicating that abnormalities in this fundamental cellular process can have pathologic effects on the cerebellum and hippocampus, the cerebral white matter, and the hypothalamic and pituitary components of the reproductive endocrine cascade.
The compound heterozygous termination mutations in RNF216 in Patient 4 firmly implicate RNF216 as a causative gene for this syndrome. Heterozygous RNF216 mutations were found in Patients 5 through 8 but did not cause disease in their parents. Oligogenicity offers a parsimonious explanation for these observed patterns. Oligogenic inheritance has been described in the Bardet-Biedl and Bartter syndromes, Hirschsprung's disease, and isolated hypogonadotropic hypogonadism. 19, [22] [23] [24] [25] [26] [27] In such an oligogenic model, RNF216 mutations can act with mutations at other genetic loci to cause disease.
Indeed, the phenotype in the index pedigree appears to have been caused by the interaction of hypomorphic mutations in RNF216 and OTUD4. 
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thalmia, and small optic tecta. The concordance of these phenotypes suggests that RNF216 and OTUD4 operate in the same pathway. This possibility is bolstered by the observation of epistatic interactions between RNF216 and OTUD4, with simultaneous knockdown of both genes resulting in more severe phenotypes. Taken together, these findings support a digenic model in which the OTUD4 mutation, in conjunction with the RNF216 mutation, played an essential role in causing disease in the index pedigree. By extension, in Patients 5 through 8, it is possible that mutations in other, currently unidentified loci may have acted in conjunction with the heterozygous mutations in RNF216 to cause disease. Oligogenicity is likely to be increasingly recognized as methods for detecting this genetic architecture, such as exome sequencing, are more widely adopted. RNF216 encodes an E3 ubiquitin ligase that attaches ubiquitin to protein substrates, marking them for proteasome-mediated degradation.
Known targets of RNF216 include upstream activators of nuclear factor κB signaling, which regulates diverse cellular processes. 28 OTUD4 encodes a deubiquitinating enzyme. Deubiquitinases allow target proteins and ubiquitin itself to be recycled and often function in partnership with specific E3 ligases. For example, the deubiquitinase ataxin-3 counteracts the ability of parkin to ubiquitinate itself. 36 On the basis of this and other examples, 37 OTUD4 and RNF216 may be similarly linked in a coregulatory partnership.
The progressive and debilitating dementia observed in the patients with RNF216 mutations (Patients 1 through 8) distinguishes them from the other patients with ataxia and hypogonadotropic hypogonadism. Furthermore, we observed changes in cerebral white matter in all the patients with RNF216-associated neurodegeneration, suggesting that such changes may constitute a consistent feature of this syndrome. None of these patients had oculomotor abnormalities such as the nystagmus and ophthalmoplegia seen in Patients 9, 10, and 12, who did not have RNF216 mutations.
The patients with RNF216-associated neurodegeneration had dysfunction at multiple levels of the reproductive endocrine axis. In Patients 6 and 8, reproductive function was restored with extended GnRH treatment, which suggests that hypothalamic GnRH deficiency was the primary cause of their reproductive endocrine dysfunction. However, these two patients also appeared to have an element of pituitary dysfunction, given the diminishing responses to GnRH over time in Patient 6 and the observation of a right-shifted dose-response curve in Patient 8. In Patients 1 and 2, who were evaluated late in the course of their disease, the complete absence of response after 7 days of treatment with GnRH may represent progression of this pituitary dysfunction. The basis for the selective vulnerability of particular neuronal and pituitary cell types is currently unexplained.
In conclusion, we have identified loss-of-function mutations in RNF216 that cause a syndrome of ataxia, dementia, and hypogonadotropic hypogonadism. Genetic and in vivo evidence suggests that mutations affecting RNF216, an E3 ubiquitin ligase, and OTUD4, a deubiquitinase, can synergize to cause this syndrome, reinforcing the notion that the mutational load within biologic pathways can drive disease manifestation. 20 Taken together, these data highlight a hitherto unknown role of the ubiquitination system in disorders of combined neurodegeneration and reproductive dysfunction. More broadly, our findings show the value of combining individual whole-exome sequencing with in vivo functional studies to identify disease-causing gene mutations and epistatic interactions.
